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GLOSSARY OF SYMBOLS AND ABBREVIATIONS

Radius of the earth (~ 6.37 megameters)

Velocity of light in free space (~ 3 x 10% meters per second)
Earth-ionosphere waveguide phase-velocity ratio

Extremely low frequency (30 to 300 Hz)

Horizontal electric-field component in the p direction (volts/meter)
Horizontal electric-field component in the ¢ direction (volts/meter)
Vertical electric-field component (volts/meter)

1 - xi§? o /m

(Eg)coth u + ( - Z)uz csch? u
m m

(gs)coth t + (1 - Z)tz csch? t
™ i

Ionospheric reflection height (meters)

Hankel function of the second kind, order zero, and argument x
Hankel function of the second kind, order one, and argument x

Horizontal electric dipole
Horizontal magnetic dipole

Horizontal magnetic-field component in the
o direction (amperes/meter)

Horizontal magnetic-field component in the
> direction (amperes/meter)

Geety + V(t)

Current (amperes)

27/ (meters™!)

Magnetic dipole moment (ampere meters-)

Meter-hilovram-second
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NUSC Naval Underwater Systems Center
P Electric dipole moment (ampere meters)
S -p/a , spherical earth spreading factor
sin(p/a)
ikSq ELF earth-ionosphere waveguide propagation constant
u o
t 7" 2
(c/v) 2h(c/v)
G(u)e'apl-iwx) (2)
T - H X
ike \ 2 /1 (x) .
T
“ Zh
v Earth-ionosphere waveguide propagation velocity (meters/second)
VED Vertical electric dipole
-ao - .
e in 2.,(2) ]
W \"s +
zlvee + Fewen{® oo |
X ko (c/v) |
z Vertical distance in a cylindrical coordinate system (meters)
x Earth-ionosphere waveguide attenuation rate (nepers/meter)
ik, free-space propagation constant (meters”™:)
n Te [iwng(og + imee)]l/2 , propagation constant in the earth (meters™-)
3 Yi [imuo(o-1 + imei)]l/2 , propagation constant in the iono-
o sphere (meters~!)
[N
i h 107%/36m farads/meter, permittivity of free space
re=
}? o Effective permittivity of the earth (farads/meter)
[%: £ Effective permittivity of the ionosphere (farads/meter) !
e ]
?; " 120-, impedance of free space (ohms)
::. iLA)UO
7. Ne —————— , impedance of the earth (ohms)
‘. Og * luwEg
:_\
._\.
,i Free-space wavelength (meters)
;
Ef o Wavelength in the carth (meters)
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Mo = 47 x 107 henries/meter, permeability of free space

) Radial distance in a cylindrical coordinate system (meters)

Pmv Distance where the minimum value of the VED radial wave impedance
occurs (kilometers)

Je Effective conductivity of the earth (Siemens/meter)

I3 Effective conductivity of the ionosphere (Siemens/meter)

P Azimuth angle in a cylindrical coordinate system

w 2nf radians/second, angular frequency
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o A COMPILATION OF FIELD-STRENGTH FORMULAS FOR ELF RADIO-WAVE

.. PROPAGATION IN THE EARTH-IONOSPHERE WAVEGUIDE

k. - INTRODUCTION

L

e It is the purpose of this report to present new formulas for horizontal
fzz electric dipole (HED), horizontal magnetic dipole (HMD), and vertical electric
fﬁ- dipole (VED) extremely low frequency (ELF) radio-wave propagation in the earth-
Z:Z ionosphere waveguide. These new formulas extend the results of Waitl and

; Galejs,2 which are valid for measurement distances, p, greater than approxi-
4 mately three ionospheric reflecting heights, h, down to the quasi-nearfield

Q: range, which is defined as the range where p is greater than an earth wave-
e length, Ag, but much less than a free-space wavelength, Ay;. For the sake of
Wy completeness, the abovementioned previously derived formulas also will be

e included.

- The three dipole antennas (VED, HED, and HMD) are situated at zero height
. with respect to a cylindrical coordinate system (p,9,z) and are assumed to

s carry a constant current, I. The axes of the VED and HED (of dipole moment p)
s are oriented in the z and x directions, respectively, while the axis of the
e HMD (of dipole moment m) is oriented in the y direction. The ionosphere is
by located at height z > h, while the earth is located at height z < 0. The prop-
‘ agation constant in the air is denoted by

S vo [= ik = i2n/x]

:?t whereas the propagation constants in the earth and ionosphere are denoted by
O e [= Vit te » ome) |

j:: and
= vi [+ Viowg Gy + fwep)

! respectively. The magnetic permeability of the whole space is assumed to

- equal u,, the permeability of free space. Meter-kilogram-second (MKS) units
:}ﬁ are employed and a suppressed time factor of exp(iwt) is assumed.

o DERIVATION PROCEDURE

®

:;} Accounting for ionospheric reflecticn effects out to distances of approx-
e imately three ionospheric reflecting heights, h, is a tedious process involv-
o ing an infinite sum of images. 1-3 However, by following the procedure

e outlined by Martin3 and Bannister and Williams,? we find that each VED, HED,
ii and HMD field-component expression can be multiplied by one of the following

four tunctions:

ok
.
-

B D)
Sh b . £
S A
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G(u) = (%?)coth u + (1 - %)uz csch? u (1)
G(t) = (Zt)coth t + (1 -~—)t2 csch? t 2)
V(t) = t3 coth t csch? t (3)
and
H(t) = G(t) + V(t) , (4)
where
U = %% (5)
and
t = —u_—a' ’ 6
(c/v)= (©)

where c¢/v is the earth-ionosphere waveguide phase-velocity ratio
c - 3x 108 m/s .

The functions G(t), H(t), and V(t) are plotted versus t in figure 1.*
Note that the plot of G(t) versus t is also a plot of G(u) versus u. When
u<20.5 G(u) ~1; when t < 0.5, G(t) ~ V(t) ~ 1. However, when t < 2,
H(t) ~ 2. Furthermore, when u > 2.5, G(u) ~ 2u/=7; when t > 2.5, G(t) ~ 2t/-.
However, when t > 4,5, V(t) ~ 0 and H(t) ~ 2t/-.

When the measurement Jistance, ., 15 greater than approximately three
ionospheric reflecting heights from the source, each VED, HED, and HMD field-
component expression varies as a Hankel function,

2 .
Hg ) (kS )

or

o %) (ks o)

e-“

-f4§ ‘or a combination of the two), where k = 2-/%- and ikS. 1s the propagation
Tt constant in the earth-ionesphere waveguide. S- 1s related to the phase
L’!f velocity v and attenuation rate « by the formulas ¢/v = ReSs and ¢« = -5.7k ImSq.
e
Nl
LI . -
AN At ELF (i.e., 30 to 300 Hz), Re(kSye) >> Im(kSyo). Therefore,
AN
AN HES ks o1 - nl ) (xgem s y
-

.‘; *All figures have been placed together at the end of tuils report.

I

}

n

\ -
k.-
N
e
.
K
ke
k

. . L. e apma m .- - e a A, e e - P
« et Ce et S P A T A .t O . R

R f._. . . )__. B - ._-‘._..‘ L e ./' W e . D .
. e -

ot “
. . o e e T
-A’LL.; Uy "LLL‘LAL e mihnAm‘m‘_imthL\L -_;A__;L;{h\._‘_l‘ A mA e A A T e Yt At e e m A e A A et e



a g L

. oy

.
2 s 3 4

e gy

. '-‘I‘l"l

LA 0

I

K .
-.l .. L}

o~

aa Aty LR
Vit RSN a0,

N I I T R P T O I L I T R IR I I

TR 7521
and
Hfz)(ksoo) - HfZ)CX)e'“" , (8)
where
x = ko(e/v) . 9)

In this report, we will use previously derived>-8 quasi-nearfield range
formulas (p > Ag, 0 << Ay, and p < h/3), as well as the waitl and Galejs2
formulas (p > 3h), to find VED, HED, and HMD formulas valid at ELF for o > X,
with no restrictions on the ratio of p to h.

As an example of our derivation procedure, consider the VED Hy, component.
When o > 3h,

VE _ ipk(c/v) ,(2) —ap _ pe=*P o\ [-imx\,(2)

H,p —-ETh—— Hl (X)e = anz \}T 3 Hl (x) . (10)
For x < 0.25, equation (10) reduces to

VE _ _P f[o

Y "“szZ(h) . (11)

When ¢ < h/3, the quasi-nearfield range formula is

VE P
H ~ . 12
] 27152 (12)
Since Giu) - 1 for ¢ < h/3 and :/h for : > 5h, then, for x < 0.5,

pGlu)

. FON
Y. o

Because the range of validity of equations (10) and (13) overlap when
: > 3h and x < 0.25, 2 can substitute G(u) for >/h in equation (10) to obtain
the general formula valid for o > le (with no restrictions on the ratio of o
to h). It is

(1

HYE N p_g(u)e:‘io (—i:’)()H§2) (()

. Y- o
<7l

wait's expressionl for H!E is

tn. DT

- -

Therefore,
-~ 10 e -
o Gule [( L ‘)H“’m] ) (10)
ik. 2 -
which, for x = .23, reduces to

-
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(17)

The magnitude of T (from equation (16)) is compared with Wait's infinite
sum-of-images resultl in figure 2 as a function of distance and frequency.
For this particular comparison, h = 90 km and o; = = (i.e., ¢/v = 1.0 and

= 0.0). Note that the agreement is excellent.

We know from previous resultsl,2 that there is a substantial amplitude
dip in the VED E, component in the range of 100 to 300 km (depending on fre- <
quency). Therefore, we will let

VE _ -
Ez- = Ezl Ezz : (18)

For p < h/3, the quasi-nearfield range formula is

E . ip - iépr. (19)
2wweop3 ko3

Z1

For . comparable to h, we can easily show that

£, - 160kEV3(t) ’ (20)
“ ¢}

which reduces to equation (19) when t < 0.5 and vanishes when t > 4.5,

when o > 3h,
E.. - 29%2&(c/v)2Hg2)(x)e’a° = 532?[-iux2Hg2)(x)e'qo] . (21

.25, ecaquation - 21y reduces to

; : ; 2 23 i
e . ib0p <ﬁ) 2 lan <u_2i>ﬂ S _ieopewt, <1.1_J> S
k) T X

| Sold X 2 ke 3

Theretore,

E.. - —f’—OPi——[( )G( )x? H(z)(x)] . (23 -

imnloving equations (18), (20), and (23) results in

L Lotipe
1 S ——
- ko -

1.

brt) + ——blu H &x)] )

which 1s the final result.
walt's expression for E!E isl

1. LOHODR \ =
Pt . T

IR

[ . . . . - . . Lt . .. - . L. . N . o R
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i

- Therefore,
A Tl -ap 2 (2)
S - v « FeawxufP ] (26)
S, (k )

:-.{:‘.'; which, for x < 0.25, reduces to
o 1.123

) W~ {V(t) - G(u)x? [!Ln( ) ]} (27)
_:_-:: The magnitude of W (from equation (26)) is compared with Wait's infinite
N sum-of-images resultl in figure 3 as a function of distance and frequency.

e For this particular comparison, h = 90 km and o; = = (i.e., ¢/v = 1.0 and
" : a = 0.0). Note that the agreement is excellent.

A From equation (27), we see that the minimum value of W will occur when
o V(t) - G(u)x?2n(1.123/x). That is,
Ry im
N WMIN ~ 5 G(u) (c/v)? . (28)
g

S When u > 2.5,
,;I:C'_ﬁ
B Wy - iu(e/n? = i) e/m? (29)
FIELD-STRENGTH FORMULAS

::_'.": In this section, we will present new formulas for HED, HMD, and VED ELF
o radio-wave propagation in the earth-ionosphere waveguide. All of these for-
O mulas have been obtained by following the procedure outlined in the previous
e, section. They are valid for p > Aeg, with no restrictions on the ratio of .
o to h.

:::::j: It should be noted that for 2 Mm < p < 19 Mm, all of the field-strength-
e component formulas presented in this report should be multiplied by the spher-
‘”j ical earth spreading factor S, which is equal to

T
Ll - o/a T 3
RS s = [smtrm] (50)
::::::: where . = 1/2 for all E., E,, and H. components; . = 3/2 for all E. and H.

"‘ components; and a Is the radius of the earth (-~ 6.37 Mm).
- FOR THE VED

T '

o Expressions for the VED are

l..’<

o o nebweTe

e EVE . . : [( ‘)H,“ (_x)] , (31)
.'-'. M R 2 it
'.__' )

L e e T T T e T S T T e T T e T T
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E . iﬁ?f;i[V(t) + I x2uf?) (0]

and

- o)

The various VED components are related by

EXE fwug 1/2

:
BlE ing(e/m[vee) + I s )
HYE xG (u) L (_ -1—’2"5)Hf2)(x)

and

EVE  ing (/) [V(D) + i—” G(u)x2H{? (x)
EXE ngXG(u) (-1NX)H(2)(X) !

LANa M S e B A e Al Y e A ae B 0 Ave AN SN BV Bt S i Y el Yok Sl R A

(24)

(14)

(32)

(33)

(34)

where n, (= 120m) is the free-space impedance and ng is the earth impedance.

FOR THE HED

Expressions for the HED are

HE _ | pG(t) cos e -ivx\ (2]
o[ o]
HE pH(t) sin ¢e “°][ ~imx\, (2) ]
g [ 21(0g *+ iweg)p3 ( 2 )“1 x)]
iwugpG(u) cos ¢e -ap irx\ (2)
[ 2mygp2 ( )H )|
[ H(t) sin ae‘“o][( 1'r~()H( )(‘)]

HE _ |_. pG(t) cos pe”®F (-iwx (2)
H [ s ][ a2 e

and

where

-t




4l

o e e a e e
(IR
A S S,

NLAPLERPASY

LI

i)
PR
Ly

[N

- }. :“ »

Ry

-‘}IFI aw
TN

] S‘IV‘.“

LRI P R

a » B
K
..l.l

R

TR 7521

H{?) (x)

f(x) = 1 = x|~——o
1) (x)

(40)

The magnitude of f(x) is plotted in figure 4 versus x. For small values
of x, f(x) ~ 1, while for large values of x, f(x) ~ x.

The various HED components are related by

EgE EgE

CHE =~ HE e’ (41)
HE Hi

EQE ingxG(u)

qiE ~ T /ME6(E (42)
¢

eHE in,XG (u)

gHE i ne(c/v)£(x)G(t) ’ (43)
P

and
W B G(t) in(p/a)
- . G sin(p/a

HiE  glE RO Fx) cot ¢[ ©/a) |- (44)
o]

FOR THE HMD

Expressions for the HMD are

'mneG(t) cos ¢e”*P || .
B - ALK ( t;x)”fZ)(x)f(x) ’ (43)
r mn.G(t) sin se=2e] r . ]
HM e (-1nx) (2)
EQM -~} - Hy e (x)} , (46)
P 3 1
L Zno CAN 2 r
g -a0 |1 )
iwwmG(u) cos ¢e .
EI::{M . 0 — (-l‘:TX)H§2)(x) , (_1-')
L - L - J
M [mH(t) sin pe”* [[f-imx\,(2)
Ho [ 2mp3 ][( 2 )Hl (XJ] ’ 48)

and

- . T s .
H*;N . [_ mG(t) :.«o‘s? se ][( l:x)Hi )"x)f(_x)] . 19
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The various HMD field components are related by

HM HM
B B |
HM M e’
Hp H¢
EfM inyxG(u)
HQM T (e/VE)G(L)
elM in¢xG (u)
gHM  ng(c/V)£(x)G(t) ~
0
and
M gtM G /
P (t) [sin(o a)
- ~ - f _—
yiM  HM H(t) (x) cot ¢ (e/a)
0 ¢
FIELD-STRENGTH FORMULAS FOR x < 0.25
When x = kp(c/v) < 0.25, f(x) ~ 1.0, and the Hankel functions can be
approximated by
( l"x) H2 () - 1.0
and
gl2) . 33[2 (1.123) _ it
0" (x) T n X 2
Thus, the VED expressions listed in the previous section reduce to
e NepO(wer?
: S,
AN P 2mp
A -0 23\ _ i
4E S a[n(23) - ).
-i:; gVE . pGiute= *=
. : 27 ’
’ VE ;
. E,; ing
o . fveo - G(u)xz[l (1 123) ]}
L WVE  (k)G(w
-
e and
:-::.

(50)

(51)

(52)

(53)

(54)
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VE ; 1
E -in . ;
z ° | 1.123) in |
- V(t) - G(u xz[ln(—'——) - —]} . 60 ;
EXE ne (ko)G(u) | (t) (u) X 2 (60) |
When x < 0.25, the HED expressions listed in the previous section reduce
to
HE pG(t) cos ¢e %P
ENE -~ ,
o 2r(0e + iwee)03 (o1)
. -Qap
E?E . _ PH(T) S{n pe ~ . (62)
2n (o + 1lwee)p
HE iwuypG(u) cos ¢e™%F
elE . — : (63)
TYeP
. _ao
HEE _ pH(t) sin fe ’ (64)
PARPNS
HE pG(t) cos pe %P
Hy™ ~ - , 65
¢ Z"Yeﬁa (65)
E?E in,keG(u)
— - - ——, (66)
H?E G(t)
ETE in keG(u)
- , 167)
gHE neG(t)
and
HE HE
HQ ~ Eo - - G(t) cot ¢ (68)
yHE  gHE H(t) ’
0 ¢
When x < 0.25, the HMD expressions listed in the previous section reduce
to

mn.G(t) cos be R

CHM
gHM — ’ (69)
mn_H(t) sin ge™**
EH.M ) e ( ) ¥ 70
¢ 21\’03 » (‘ )
i -Qa0
Y LNuOmG(u) cos je .

Vo

-
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yHM | mH(t) sin ¢e”*°

o] 2."03 ’
HHM . _ mG(t) cos pe” %P

$ 2"03 ’
EM  ingkoG(u)
HHM Ge)

]
EM  ingkoG(u)
BN g

~ - cot ¢ .

WM g H(t)

- G(t)

G(u)

G(t)

Vie)

-~

]

¢

When o < h/3, G(u) ~ G(t) ~ V(t) ~ 1.0, H(t) ~ 2, and ap ~ O.
case, the formulas presented in this section (equations (56) through (76)),
reduce to the familiar quasi-nearfield range results.S5-8
repeated here

They will not be

(72)

(73)

(74)

(75)

(76)

For this

since they are already given by equations (56) through (76) with

- V(t) ~ 1.0, H(t) -~ 2.0, and ap = 0.

FIELD-STRENGTH FORMULAS FOR : > 3h

3h,
u_o
m h '’
2t 0
H(t — = s
) ” h(c/v)2
0

(77)

(78)

(79)

For this case, the general field-strength formuldé presented In equations
(31) through (53) reduce to those of Waitl and Galejs.-
pleteness, they will be repeated here.

For the sake of com-
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n FOR THE VED

Expressions for the VED are

o ]

' noP (c/V)xH{?) (x)e 0

- . VE
.} EZ - - 4rhp s (81)
- VE _ pe” P [f-imxY, (2)
» B " Zeme [( 2 )Hl (x)] ‘ (82)
; EVE , 1) (x)
- —= - N (e/V)—— (83)
= HyE 12 (x)
i and
! EYE  n,(e/v) I'ng) (x)
: . (84)
-,-; EXE Ne l.“fz) (x)
& FOR THE HED
" Expressions for the HED are
. gHE p cos se® (ZE)a () g0 (35)
- . 27(7, + iwepdh(e/v)=e” 2/
1 . - Ao .
c HE p sin je (-1xx) (2) ,
- E ~ - H X , 86
- ? ] 2m (o, + iwel)h(c/v)zpz][ 2 ¢ )] (86)
K-, .
N - -ap
: EHE ] iwkyp cos de -inx H(z)(x) 87)
2 i 2mygho 2 1 ’ '
N .
- HE p sin se™%P (-iwx) (2)
- HHE . 1
; 5 Zwyeh(c/v)zoz][ 3 H =7 (x) (88)
] HIE |- ﬁp =03 :e (-I’X)HF-](XIf(XI , N
S ’ i Itrghte/vy-o - .
¥ E?E in,(e/v)x
[ — e — 90
‘ HHE £(x) (90)
‘ :
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A

{ [} l'
ey

W

HE .
E, lno(c/v)x

:
~ ’ ( 9 1 )
.--.'F- EglE ﬂef(x)
:E::::: and
o HE HE
AL H¢ Ep

~ —_ . = . -f sin(e/a) | 92
‘r# (x) cot ¢[ o/a) (92)

e ° ?
1%
R FOR THE HMD

Expressions for the HMD are

:?f. ‘mn. cos ¢e~%P .
S HM e (-1wx) (2)
- E ~ H f s 93
o P i 2rh(c/v)2%p? ][ 2 /! () %)
?:?‘ mn. sin ¢e'°‘°1 [ . T
. HM e (’1ﬂx) (2)
Eg - H , 94
s,!! ¢ 2rh(c/v)?0? 2 )i e
\‘- he o
\. - - - -
" iwngm cos be~%P

2o z ] 2mho 2

EMM (’i“x)HEZ)(x) , (95)

_ . HM m sin ge %P I'-in'x 2)
o fo [Zvrh(c/v)zoz]..( 2 )ch e o6
..::‘ -ap s ,
[ e e o]

2

BCH

ino(c/v)x

.- ":,‘ - - , ( 98 )
:-:’. . HHM f ( X )

o ?

§ “-n.‘:
o gHM

ino(c/v)x

. , 99
nef(x) )

)
()mé

s
A and

N . sing. ‘) .
= -t (x!) cot ;[_______L] . Lo

- CHMO O CHM EY,
a H Ey (2
_".:-:'.

- . S PRSP . P - . . - Te v P R N N N .
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FIELD-STRENGTH FORMULAS FOR o > 3h AND x > 1.6
For x > 1.6, the Hankel functions can be approximated by
(2) [Z o-i(x-n/4)
Hj (x) ~ =< ¢ (101)
(2) . /_2_ -i(x-7/4) 5
H%7(x) ~ 1 - © (102)
(-12nx)H£2)(x) . \l’n??e-i(x-nﬁt) , (103)
and
(g)ng)(x)f(x) i ix,/% e-i(x-m/4) (104)
Thus, the VED expressions listed in the previous section reduce to
-Qap
nepe .
VE _ _ &~ ,E -i(x-m/4)
Es 2the N2 °© (105)
ngp(c/vie .
EVE . . 0———1/3 e~i(x-m/4) (106)
“ 2the 2
. -0 . -
HvE _ P& TX g-i(x-7/4) , (107)
- 2-h: 2
gLE
HTE- - - HO(C/V) s (108)
?
and
EVE
=5 - - (o/ne)(e/v) (109)
E
when x l.6, the HED expressions listed in the previous scction reduce
to
se "0 (3 -i(x-
E@E N p co§ de (ix) — ’EE.e i(x-n/4) ' (110)
~ 27({3¢ + iweg)h(c/v)“o 2

pHE p sin :e”* 7 ’j_\(_ omilx="/ 4
’ Ile * laegihie/v)ve ¥ 2 ’

¢

1l
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HE
EZ

HE
HO

and

HE
Hy

HE
HQ

-ap

TP o8 9¢ \/E o-i(x-1/4)

2nyehp 2 ’
p sin ¢e”% ’15 o-i(x-1/4)
ZnYeh(c/v)Zp2 2

_ pcos 0™ (ix) [Tx -i(x-7/4)
ZTryeh(c/v)Zp2 2

-ng (e/v) ,

(ng/ned (c/v)

EHE ;
e sin(p/a)
EQE 1X cot ¢[ (o/a)

(112)

(113)

(114)

(115)

(116)

(117)

When x > 1.6, the HMD expressions listed in the previous section reduce

to

gt

HM
E

—ao .

mng cOs de (1x) . _
: ’Iﬁ e-i(x-7/4) ,
27h(e/v)-o- 2
-mng sin et TX i (x-7/4)
2th(c/v)202 N 2
3 . -0
1wu0m <c0S de Jix- e-i(x-n/J)
27ho 2 ’

m sin pe”*? ,1_ -i(x-7/4)
2vh (c/v) %07

m cos ‘e Ol“(1() X omilx-7/4)
2-hic/v)- 3

]

-ngle/v)

{118)

(119)

(120)

(121)

(122

(124
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and
ytiM  gtiM i
] ) . sin(p/a)
- . = .. t o|31niR/3) 125
yiM  gtiM 1x o ¢[ (p/a) (125)
P ¢
1
DISCUSSION ‘

We have used?® the recently developed theory of Greifinger and Greifin-
gerl0-12 and the Wait exponential ionospheric-conductivity profile to deter-
mine average ELF propagation constants for both daytime and nighttime
propagation conditions. The resulting average values of ELF attenuation rate,
phase-velocity ratio, and ionospheric reflection height (presented in table 1)
are in excellent agreement with measured data.

To shed further light on the nature of the ELF field s:trengths in the
earth-ionosphere waveguide, the radial impedance of the wave (E;/H4) now is

Table 1. Typical ELF Propagation Parameters

Frequency Time h /v a
(Hz) of Day (km) (dB/Mm)
30 Day 46.1 1.34 0.6
50 Day 47.8 1.30 1.0
75 Day 19.1 1.27 1.5
100 Day 50.1 1.25 2.0
150 Day 51.4 1.22 2.8
200 Day 52.4 1.20 3.7
300 Day 53.7 1.18 5.4
30 Night 72.0 1.12 0.6
50 Night 73.3 1.11 0.8
e Night "3 b.io 1.2
EE 100 Night 75.0 1.09 1.2
- 150 Night 76.0 1.09 1.6
:; 200 Night 6.3 1.0 2.0

300 Night TS P C.
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considered. By definition, this quantity is the impedance of the wave looking
in the radial, or p, direction.

For x >> 1,

E,
= - -ngle/v) (126)
¢
while, for x << 1 and o < h/3,
VE
Ez Mo -
— - — (127)
HVE ike .
]
and
HE M
—_— « —— ~ -iko 128)
JHE  HN "o (128)
> ?
For the intermediate, and most interesting, range,
. in '
EXE  ing(e/v) [V(t) + 6w« (x)
- - (33)
VE xG(u) -17X .(2)
H¢ > H1 (x)
and
e g™ i~ xG(u)
HHE N T le/v)EG L )
A\ while, for x < 0.25, equations (33) and (42) reduce to

Y
Ea
VE
o Ez g [ of, f1.123\  i-

— ~ V(t) - G(u x‘[ln = ) - ——-]] i59)
o HVE (ko)G(u) (t) () ( X 2 ’ N
‘:::\ ’

.\-: and
o gL e
- ~ - - (OO

- WHE G(t)

: Referring to equation {539), we see that the minimum value of EEEJHYE

N wiii woour when Vot Gouox o on:l 123 0. That is,

0
7
o
\“::
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s gVE
Z
T —| - Q20m)(7/2) (ko) (e/v)?
2 Ho ™ IMn
N = 6012 (ko) (c/v)2 . (129)

Alternatively, the approximate distance from the VED source where the
minimum value of radial wave impedance occurs, op,, can be expressed as (from
equation (129))

- VE,4VE
= o 80.63|EY /HYE| i
: y mv f(c/v)?

km . (130)

- Presented in figures 5 and 6 are plots of the VED radial wave impedance

- versus distance for frequencies of 30 to 300 Hz. Equation (33) and the values

) of h and c¢/v listed in table 1 were used in the calculations. Note that, for

: frequencies of 30 to 100 Hz, there is a unique distance where the minimum value

By of radial wave impedance occurs. Presented in table 2 are values of . . cal-

¢ culated from equation (130). Comparing these values with the curves of figures
5 and 6 reveals that the table-2 pp, calculations are accurate within 10 km.

Presented in figures 7 and 8 are plots of the HED and HMD radial wave

. impedance versus distance for frequencies of 30 to 300 Hz. Equation (42) and
- the values of h and ¢/v listed in table 1 were used in the calculations.

Table 2. Approximate Distance Where the Minimum Value

{i: of the VED Radial Wave Impedance Occurs
N - . Minimum Approxlmate
Fregquency Time I :
Hz) of Day By i oY
= : {ohms ) (km;

: 30 Day 120 180
- 50 Day 170 162
® -
- 75 Day 220 14
S 100 Day 270 139
e 30 Night 93 204
¢ . e -
<. SU Night 14U [~3
1SN
r. 75 Night 190 169
_\:.
N 100 Night 230 156
\‘
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Referring to figures 5 through 8, we see that there is a substantial var-
iation in both the VED and HED radial wave impedance. For example, at 30 Hz,
the VED wave impedance is equal to 30,000 ohms to 20 km, 120 ohms at 180 km,
and 505 ohms (120mc/v) at 5,000 km (figure 5). On the other hand, the 30-Hz
HED (or HMD) wave impedance varies from 5 ohms at 20 km to 505 ohms at 5,000
km (figure 7).

As Waitl has pointed out, the observed variation of the magnitude and/or
phase of the radial wave impedance as a function of frequency should provide a
basis for distance measuring (provided the atmospheric source could be repre-
sented by an equivalent VED or HED). Such a scheme, while admittedly crude,
requires only one receiving station equipped with a vertical whip and loop
antenna.

CONCLUSIONS

In this report, we have presented new formulas for HED, HMD, and VED ELF
radio-wave propagation in the earth-ionosphere waveguide. These new formulas
extend the results of Waitl and Galejs,? which are valid for measurement dis-
tances greater than approximately three ionospheric reflecting heights, down
to the quasi-nearfield range, which is defined as the range where the measure-
ment distance is greater than an earth wavelength but much less than a free-
space wavelength. For the sake of completeness, the abovementioned previously
derived formulas also have been included.

Plots of the VED, HED, and HMD radial wave impedance versus distance have
been presented for both daytime and nighttime propagation conditions. These
plots show a substantial variation in the radial wave impedances for distances
less than 1,)00 km. Also, we have shown that there is a unigue distance where
the minimum value of the VED radial wave impedance occurs.




P\ AP

A P A

't

ARy P
’ .

1
.l ‘I 'I .’l -Il ..l "l

Pinlbul Sof i o
alJ
s,

.
[

Lo e
ey

, ‘-
Sl

SHASNMAN

AN

b,

Figure 1.

MAGNITUDE OF T

Filyu

10.0

TR 7521

w
o
T

w
o
T

~n
o

—_
o

MAGNITUDE OF THE FUNCTION
o (=]
w »
LN [ I B o

o
~
T

0.1 i | T

Magnitude of the

100

0.5 1.0 2.0 5.0 10.0

Functions G(t), H(t), and V(t) Versus t

o

vyl 1 1

— AT
[ J 3ANNISTER

1511113 1 I 11111

S 10 20 30 50 100 200 300 500 1000

~

DISTANCE - (km)

re 2. Magnitude of the Function T Versas Distance




.\“"(‘ QUYL LA Tl i R Tkl S A At S i i e ik el Lol ol af R i ol S Aot el liast A dhath S S~ Aolt Mol Sak I el il A eh Bad Bab Aad Aol Ak 28 _ |

TR 7521

1000

— WAIT
® BANNISTER

500

300
200

100

= |
& 50 :
8 30t

= .‘
= 20

e

=

] Laad L aaaaaal Al i 1t

5 10 2030 S0 100 200 300500 1000
DISTANCE 5 (km)

Figure 3. Magnitude of the Function W Versus Distance

[f{x)]

T

- .
3= !

- |
3.2
0.1 i 1 P U W B S e | i T | PN U ST S

0.1 0.2 0.3 0.5 1.0 2.0 3.0 5.0 10.0

X

Figure 4. Maynitude of the Function fix: Versuas

L gt.emr e e . ) e e e e e 3 o e , .
R R L "‘.‘I‘.~._._'_..J'_.'.A'»'.'-_.- " l._ e T N Coats,

PP ARy R T P T T A A T P D N AR .
analordanananas almdn: s ot a Aol o A Tt e ARDAND Ak L 'l s ddionn N PR PR T TR




e T T R T T T TR F T T N

TR 7521

.. 100,000

LB AL

30 Hz

TTt

50 Hz

75 Hz
100 H2
150 Hz
200 Hz

300 Hz

10,000

TTTTTT]

€2/ (2)
LI L

T

1,000

TT TV T

L

100 Ay gl RN S T D U0 U 6 ) § U DUUUNNS S U A S S |
10 100 1,000 10,000
DISTANCE o (km)

Figure 5. VED Radial Wave Impedance Versus Distance
for Daytime Propagation Conditions

100,000

1 177177

w
o

w
o

10,000 100

150
200

300

1,000

. e
W ey

a,
oY
o

RN 1X
JE /Myl (0)
TITIITT T TR T yraaeg o

i e

L

".:' 100 L oy ol i fAl 1 il B I T B S U W |

o 10 100 1,000 10,000
N2 DISTANCE o {km)

Figure 6. VED Radial Wave Impedance Versus Distance
for Nighttime Propagation Conditions




TR 7521

600

500 |-

400 |-

|51/“¢‘ m

200 -

100 |-

1) = P S S U S R S U A & F N

10 100 1,000 10,000
DISTANCE o (km)

Figure 7. HED and HMD Radial Wave Impedance Versus Distance
for Daytime Propagation Conditions

700 [ l

500 ~

500 - a2 i
— o
L '~.:—.
Z400
=
gl =
2T =300 +
e L
o 200 !
f':'/ _ .
-,
r ' .
o] iaoaa [ SR W S G S S W i
10 1,000 10,000
DISTANCE = (km)
Fraare 5. HED and HMD Radial Wave Impedance Versus Distance
for Mighttime Propogation Conditions
G R TP P P P PR P VR PR P T Y U P A T A A PR AE AP AP N SOy




)
y
st
R

s
]

woes
et
N .
4
IR
LN 'y

PATAFY)

Y
P )

t

1 .
1t

.'l- .l".
St
. .
[T Sy

1

4

.:'

v
P

E/
3
4

10.

11.

TR 7521

REFERENCES

J. R. Wait, Electromagnetic Waves in Stratified Media, Pergamon Press,
NY, 1970.

J. Galejs, Terrestrial Propagation of Long Electromagnetic Waves,
Pergamon Press, NY, 1972.

C. A, Martin, Site Evaluation for a Beverage Type Transmitting Antenna,
PANGLOSS Task 4 Technical Note 6, RCA Laboratories, Princeton, NJ, 1964.

P. R. Bannister and F. J. Williams, ''Results of the August 1972
Wisconsin Test Facility Effective Earth Conductivity Measurements,"
Journal of Geophysical Research, vol. 79, no. 6, 1974, pp. 725-732.

J. R. Wait, "The Electromagnetic Field of a Horizontal Dipole Antenna in
the Presence of a Conducting Half-Space,' Canadian Journal of Physics,
vol. 39, no. 7, 1961, pp. 1017-1028.

A. Banos, Jr., Dipole Radiation in the Presence of a Conducting
Half-Space, Pergamon Press, NY, 1966.

M. B. Kraichman, Handbook of Electromagnetic Propagation in Conducting
Media, U.S. Government Printing Office, Washington, DC, 1970.

P. R. Bannister, ''Quasi-Static Fields of Dipole Antennas at the Earth's
Surface,' Radio Science, vol. 1, ne. 11, 1966, pp. 1321-1330.

o

P. R. Bannister, "ELF Propagation Update,' IECE Journal of Uceanic
Engineering, vol. OE-8, no. 3, 1984, pp. 179-1838.

C. Greifinger and P. Greifinger, "Approximate Method of Determining ELF
Eigenvalues in the Earth-Ionosphere Waveguide,' Radio Science, vol. 13,
ne. 5, 1978, pp. 831-837.

C. Greifinger and P. Greifinger, 'On the lonospheric Parameters Which
Govern High Latitude ELF Propagation in the Earth-Ionosphere Waveguide,"
Radio Science, vol. 14, no. 5, 1979, pp. 889-895.

C. Greifinger and P. Greifinger, Extended Theory for Approximate ELF
Propagation Constants in the Earth-lonosphere haveuguide, DNA Report No.
S30lT, Roand U Associates, Marina Del Rey, C\, 1979,

23020

Reverse Blank




[ - Ly e T T T TR b S i And Al SN e FiaSiatate et Atat e A4 vy - H R .-..'A'<3'."-?',?']‘

= TR 7521
i _ |
-~ Appendix i
T~ E/H CALCULATION PROGRAMS

}A)' Five programs were written to solve for E/H fields at various distances
from a transmission scurce. The following cases were considered:

o 1. EZ/H$ of an HED source, nearfield approximation;
- 2. Ez/H¢ of a VED source, nearfield approximation;
3. EZ/Hp of an HED source, nearfield approximation;
4. Ez/H¢ of an HED source, farfield approximation; and

E:/HQ

w

of a VED source, farfield approximation.

The programs are written in VAX-11 FORTRAN. They reside as executable
modules on the Naval Underwater Systems Center (NUSC)} VAX system. They can be
invoked by keying RUN 'filename' where the five files shown below correspond
to the five cases listed above:

- 1. v703::DUOL: [ETC. EHNEARFLD]EHHED;
'ff: 2. v703::DUOL: [ETC. EHNEARFLD]EHVED;
5. v"05::DUOL: [ETC. EHNEARFLD | EZHRHO;
1. vT03::DUOL: [ETC. EHFARFLD | EHHED; and

5. v703::DU0L: [ETC.EHFARFLD]EHVED.

o Each of the programs contains an interactive section in which the user

- enters parameters of interest. These parameters involve the range of distance

,.!! from the source for which E/H is to be calculated, the frequency of interest, ‘
" the time of day, and, sometimes, the angle from the zenith. }
i :
-, Listings are provided for each of the programs created. Program structure

iui- and flow are clearly indicated in the listings. Most of the program varia-

A bles, such as T, 6T += Gity., X, RHO, RFLHT (= 1tonospheric retlection height,

.'l CVEE o= ooow IO = onight or Jday values:, ete., correspond exactly to the

-l variables in the equations. [t is suggested that the reader have the equa-

:q: tions at hand, particularly when tracing the flow of the actual calculations,

o as the calculations follow the equations in a logical and consistent manner.

:?ﬁ: These programs are pretty much 'number crunchers;' their flow 1s not complex.

_"I' Calls are made for calculation of hyperbolic functions and Hankel ftunc-

:i’ tions. The hyperbolic function routines also are written in VAN-1TL FORTRAN

b the listings for these routines have been included.  The Hankel-tunction

o !

L \-1
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calculation consists of calling the appropriate IMSL Bessel functions and com-
bining them in the calling program, as the Hankel function is a combination of
Bessel functions. The IMSL routines are available through the 'IMSLIBS'
library on the VAX.

COOSSIBLCCNCSEININBIINSOCONEININTOIISESISIININESDIPEESEBESIENISIOSS

c CREATED: 27FEBS8S5 .

C LAST UPDATE: 07MARBS .

C BY: A. KUZEL .

C PURPOSE : FORTRAN PROGRAM TO CALCULATE THE VALUE .

C OF E/H FOR AN ELF WAVEFORM OF A SET OF b4

C ALLOWED FREQUENCIES F AT VARIOUS L4 .

C OISTANCES, <= 200 KM, FROM A HED SOURCE. *

c THIS IS THE NEAR FIELD APPROXIMATION. .

CPS0438808000008008008000000888000000000PENETRIPININIISPTEEIESOOTSTS

C *OECLARE VARIABLES®
COMPLEX I,HO,H1,HR,RAZ
REAL K,J0,J1,P1.RHO,FREQ, INC,MAXDIS,T,U,V, X,GT,Y0(1)
REAL CVEE ,RFLHT ,MMBSJO ,MMBSJ1,RAZA ,RAZPH,Y1(1)
CHARACTER TOD

[o *INITIALIZE CONSTANTS®*

K=3.00E+QS
PI=4¢ATAN(1.0)
I1=CMPLX(0.0,1.0)

COROSCITE0S00IT0ICOITEIESO0SSS0RSES0I0NES0EPSCECOESTIEPSESESIBENESESSURRY

c THE FOLLOWING SECTION IS THE INTERACTIVE PORTION OF THE PROGRAM. .
C THE USER CHOQSES STARTING DISTANCE, INCREMENT, AND ENDING DISTANCE *
C TO CALCULATE, NIGHT OR DAY VALUES, AND THE FREQUENCY OF INTEREST. .

COOS IS LS0IP0SPNSICINEESSISENSECICOTOEEENISEOOtITEEEBEINNISINNENSEtEESE

WRITE(S,200)
READ (S5, 204 )RHO
WRITE(5,201)
READ(S,204)INC
WRITE(S,202)
READ(S,204)MAXDLS
WRITE(S,203)
READ(S,204)FREQ
WRITE(S,205)
READ(5,206)T00

C ®SELECT PROPER IONOSPHERIC REFLECTION HEIGHT AND
C/v CONSTANTS BASED ON USER’S INPUT DATAS

IF(FREQ.EQ.30) THEN
IF(TOD.EQ.’'D’) THEN
RFLHT=46.1
CVEE=1.34
END IF
IF(TOD.EQ. N') THEN M
RFLHT=72.0
CVEE=1.12
END IF
END IF
IF(FREQ.EQ.50) THEN
IF(TOD.EQ. D’ ) THEN
RFLMT=47 .8
CVEE=1.30
END IF
IF(TOD.EQ. 'N') THEN

T e e e e e e T T
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RFLHT=73.3
CVEE=1.11
END IF
END IF
IF(FREQ.EQ.75) THEN
IF(TO0D.EQ.‘D’) THEN
RFLHT=49.1
CVEE=1.27
END IF
IF(TOD.EQ. 'N’) THEN
RFLMT=74.3
CVEE=), 10
END IF
END IF
IF(FREQ.EQ.100) THEN
IF(TOD.EQ.'D’) THEN
RFLHT=50.1
CVEE=1.25
END IF
IF(TOD.EQ. 'N’) THEN
RFLHT=75.0
CVEE=1.09
END IF
END IF
IF(FREQ.EQ. 150) THEN
IF(TOD.EQ. D’ ) THEN
RFLHT=S1 .4
CVEE=1,22
END IF
IF(TOD.EQ.‘'N’) THEN
RFLHT=78.0
CVEE=1.09
END IF
END IF
IF(FREQ.EQ.200) THEN
IF(TOD.EQ. 'D’) THEN
RFLHT=52.4
CVEE=1.20
END IF
IF(TOD.EQ. N') THEN
RFLHT=76.8
CVEE=1.08
END IF
END IF
IF(FREQ.EQ.300) THEN
IF(TOD.EQ. 'D’) THEN
RFLMT=53.7
CVEE=1,18
END IF
IF(TOD.EQ. 'N’) THEN
RFLHT=77.8
CVEE=1.,07
END [F
END IF

IR
AV AP AV aF R R

*wRITE ~EADERS FOR QUTPUT TABLES

WRITELL1Q,220)

WwRITE(10,208)
WRITE(10,207)FREQ
[F(TOD.EQ. 0') WRITE(10.,211)
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IF(TOD.EQ.“N’) WRITE(10,212)
WRITE(10,208)
WRITE(10,209)
WRITE(10,208)

c SPERFORM THE ACTUAL CALCULATIONS®

400 X=29PI*FREQ*RHO*CVEE/K
T=RHO®PI/(2%RFLHT*CVEE®**2)
u=T
vaT
CALL COTH(U) -
CALL CSCH(V)

GT=2eT/P1sy
GT=GT+(1-2/P1)sTse20yves?
JO=MMBSJO(X,IER)
J1=MMBSJ1 (X, IER)

CALL MMBSYN(X,0.,1,Y0,IER)
CALL MMBSYN(X,0.999,1,Y1,1ER)
HO=CMPLX(J0,-Y0(1))
M1sCMPLX(J1,-Y1(1)}))
HR=MO/H1

RAZ=1-X*HR

RAZ=1/RAZ
RAZ=RAZ®*120¢PI*I*X

RAZ=-RAZ

Us=RFLHT/RHO

CALL TANM(U)

RAZ2RAZ/ (CVEE®*GT*U)
RAZA=CABS(RAZ)

RAZPHSATANZ2 (AIMAG(RAZ) ,REAL(RAZ))
RAZPH3RAZPH®180.00/P[
WRITE(10,210)RHO,RAZA,RAZPH
RHO=RHO+INC

IF(RHO.LE .MAXDIS) GO TO 400

C SFORMAT STATEMENTS®

200 FORMAT{4dx, "ENTER STARTING DISTANCE FROM SOURCE: )
201 FORMAT(dx, ENTER OISTANCE INCREMENT: )
202 FORMAT (4X, "ENTER MAXIMUM DISTANCE TO COMPUTE: ")
203 FORMAT (44X, 'ENTER FREQUENCY: ')
204 FORMAT(F12.4)
208 FORMAT (4X,*NIGHT (N) QR DAY (D)?:°)
206 FORMAT(A2)
207 FORMAT (9X, *HORIZONTAL ELECTRIC DIPOLE FREQ = *,F7.2)
208 FORMAT(SX, * )
209 FORMAT(11x, OISTANCE' ,8X, 'MAGNITUDE,9X, 'PHASE ")
210 FORMAT (10X ,F7.2,10X ,F7.2,10X,F7.2)
211 FORMAT(9X, ' TOD = DAYTIME')
212 FORMAT(9X, 'TOD = NIGHT')
220 FORMAT(9X, E/H NEAR FIELD APPROXIMATION')
STOP
END

B - e . SN N e oy et v Lt e L e
LTI e D ST Sl e e B R .

N T N T e T T T T T
PO GO S S PP WV T WP s W AU G S o SO W R SR




¥
s

~

S

L~
e

2SS,
4,

)
B

LR R

P
Cafa T e

.
.

Lz
»

ettt
a 5 v w4t

-

)
e dial e

o«

A MO RN~ * il
ST
L e d

n
¥

»

I I I T
R S D R Y

-

P AR ‘-.'\."v."‘.'-‘ -

T At
ot

TR 7521

CeP0008880080080000000 20808003000 ESINIRNNINENIERREINIIIOEEIEEICSEIEISIOISINITNS

c CREATED: 28FEBS8S .
C LAST UPDATE: 07MARBS .
C ay: A. KUZEL .
C PURPOSE : FORTRAN PROGRAM TO CALCULATE THE VALUE .
C OF E/M FOR AN ELF WAVEFORM OF A SET OF .
C ALLOWED FREQUENCIES F AT VARIOQUS hd
C DISTANCES, <= 200 KM, FROM THE VED SOURCE. .
C THIS IS THE NEAR FIELD APPROXIMATION. M
COPNESS00000000088338004088888880800000800800880030008088050088888808830%
c SDECLARE VARIABLES®

COMPLEX I1,HO,H1,HR,RAZ

REAL K,J0,J1,PI RHO,FREQ, INC,MAXDIS,T,U,V X ,GT,¥0(1)

REAL CVEE ,RFLHT ,MMBSJ0 ,MMBSJ1 ,RAZA ,RAZPH,Y1(1)

CHARACTER T0O
C SINITIALIZE CONSTANTS®

K=3.00E+05
PI=4%ATAN(1.0)
I=CMPLX(0.0,1.0)

C‘..‘.‘....‘.“............‘....8‘....“.‘...‘........‘..“....."........

C THE FOLLOWING SECTION IS THE INTERACTIVE PORTION OF THE PROGRAM *
C THE USER CHOOSES STARTING DISTANCE, INCREMENT, AND ENOING DISTANCE .
C TO CALCULATE, NIGHT OR DAY VALUES, AND FREQUENCY OF INTEREST. .

C.............“‘..............‘.““.........‘..“..‘.............‘..‘...

WRITE(S,200)
READ(S,204)RHO
WRITE(S,201)
READ(S,204)INC
WRITE(S,202)
READ(S,204)MAXDIS
WRITE(S5,203)
READ(S,204)FREQ
wRITE(S,205)
READ15,206) 700

*CHOOSE PROPER VALUES OF I1ONOSPHERIC REFLECTION HEIGHT AND
C/v CONSTANTS BASED ON USER'S INPUT DATA®

[aXal

IF(FREQ.EQ.30) THEN
IF(TOD.EQ. 'D') THEN
RFLHT=46.1
CvEE=1. 34
END IF
IF(TOD.EQ. 'N") THEN
RFLHT=72.0
CVEE=1.12
END IF
END IF
IF(FREQ .EQ 50) THEN
IF{TOD.EQ. O ) THEN
RFLHT=47 .8
CVEE=1.30
ENO [F
IF(TOD . EQ. 'N") THEN
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RFLHT=73.3
CVEE=1.11
END IF
END IF
IF(FREQ.EQ.75) THEN
IF(TOD.EQ.'D’) THEN
RFLHT=49 .1
CVEE=1.27
END IF
IF(TOD.EQ.'N’) THEN
RFLHT=74.3
CVEE=1.10 -
END IF
END IF
IF(FREQ.EQ.100) THEN
IF(TOD.EQ. 'D’) THEN
RFLHT=50.1
CVEE=1.25
END IF
IF(TOD.EQ.'N’) THEN
RFLHT=75.0
CVEE=1.09
END IF
END IF
IF(FREQ.EQ. 150) THEN
IF(TOD.EQ. D) THEN
RFLHT=51.4
CVEE=1.22
END IF
IF(TOD.EQ. 'N’) THEN
RFLHT=76.0
CVEE=1.09
END IF
END IF
IF(FREQ.EQ.200) THEN
IF(TOD.EQ. DO°) THEN
RFLHT=52.4
CVEE=1.20
END IF
IFITOD.EQG. N ) THEN
A RFLMT=76.8
~ CVEE=1.08
- END IF
N END IF
IF(FREQ.EQ.300) THEN
IF(TOD.EQ. DO’) THEN
RFLHT=53.7
CvEE=1.18
END IF
IF(TOD.EQ. N') THEN
RFLHT=77.8
CVEE=1.07
END IF
END [F
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SWRITE HMEADERS FOR QUTPUT TABLES®

<

wRITE( 10,220}

wRITE(10,208)
WRITE(10.207)FREQ
IF(TOD.EQ. 'D°) WRITE(10,211)

Mt .

et

Nyh

l‘ ‘I .
®, '

»

)
]
7

o




c.' - . Y ™ T e ~ " 3 . NN < A Rl At i S A A AR A el |
1
By ="
-~ "
-.:,.\.‘
PR
o
-~
"0 TR 7521
." -
R
A
.\-‘-.
\‘ -

IF(TOD.EQ.'N’) WRITE(10,212)
WRITE(10,208)
WRITE(10,209)
WRITE(10,208)

c *PERFORM THE ACTUAL CALCULATION®
400 X=2¢PI*FREQ*RHOSCVEE/K
T=RHO®P1/(2%RFLHTSCVEE**2)
usT
V=T

CALL COTH(U)

CALL CSCH(V)

GT=2*T/Pl*y
GT=GT+(1-2/PI)*Tss2syss2
VT=T“3‘V“2‘U

MTavT+GT

JO=MMBSJO(X,IER)
J1=MMBSJ1(X,1ER)

CALL MMBSYN(X,0.,1,Y0,1ER)
CALL MMBSYN(X,0.999,1,Y1,IER)
HO=CMPLX(J0,~-Y0(1))
H1=CMPLX(J1,-Y1(1))
RAZ=HO®X®#28CVEE®* 21T (PI/2)*]
RAZ=zRAZ+VT

RAZ=RAZ/ (HLsX*Ple(~-1)/2)
U=RFLHT/RHO

CALL TANM(U)

RAZ=RAZ*U/X
RAZ=RAZ*1*%120*PI*CVEE
RAZA=CABS(RAZ)
RAZPH=ATAN2(AIMAG(RAZ) ,REAL(RAZ))
RAZPH=RAZPH®180.00/P1
WRITE(10,210)RHO,RAZA ,RAZPH
RHO=RHO+ INC

IF(RHO.LE.MAXDIS) GO TO 400

z SFORMAT STATEMENTS®

(‘) cou FORMAT (3K, ENTER STARTING DISTANCE FROM SOURCE:
e 201 FORMAT (48X, ENTER ODISTANCE INCREMENT: )
D] 202 FORMAT (44X, 'ENTER MAXIMUM DISTANCE TO COMPUTE: ')
. 203 FORMAT (4X, 'ENTER FREQUENCY: ')
204 FORMAT(F12.4)
[ 205 FORMAT (44X, 'NIGHT (N) OR DAY (D)?7:’)
AN 206 FORMAT(A2)
R 207 FORMAT (10X, *VERTICAL ELECTRIC DIPOLE FREQ = ' ,F7.2)
- 208 FORMAT{5X, ° ’
@1 209 FORMAT (11X, 'DISTANCE’ ,8X, ‘MAGNITUDE ', 10X, 'PHASE ')
. 210 FORMAT (10X ,F7.2,9X,F9.2,10X,F7.2)
R 211 FORMAT (12X, 'TOD = DAYTIME ')
SR 212 FORMAT (12X, 'TOD = NIGHT')
e 220 FORMAT(9X, 'E/H NEAR FIELD APPROXIMATION')
STOP
. END
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COOS 086000 0C0R0S000S004000SURSILL8C0SC0S8SSERITRNIESIINENssINIICEOISSIESTIDS

C CREATED: OIMARSS .
c LAST UPDATE: 01MARSS .
c Bv: A. KUZEL .
c PURPOSE : FORTRAN PROGRAM TO CALCULATE THE VALUE .
c OF € SUB Z OVER H SUB RHO FOR AN ELF .
c WAVEFORM OF A SET OF ALLOWED FREQUENCIES F .
c AT VARIQUS DISTANCES, <= 200 KM, FROM AN .
c HED SOURCE, AT VARIUOS ANGLES FROM THE ZENITH. =
c THIS IS THE NEAR FIELD APPROXIMATION .
c‘.‘.‘.““‘...““..“..."“‘...““..‘....‘.....“.....‘..“..‘.“".
c sDECLARE VARIABLESS®

COMPLEX I.RAZ

REAL K,PI,RHO,FREQ, INC ,MAXDIS,T U,V X,GT

REAL CVEE ,RFLHT ,RAZA,RAZPH, VT HT,PHI

CHARACTER  TOD
C SINITIALIZE VARIABLES®

K=3.00E+05
PI=4eAaTAN(L.0)
[=CMPLX(0.0.1.0)

CO..‘....‘....‘.‘....O‘.“.."..“....‘l....‘t.......‘......‘....‘..‘...
c THE FOLLOWING SECTION IS THE INTERACTIVE PORTION OF THE PROGRAM. *
C THE USER CHOOSES STARTING DISTANCE, INCREMENT, AND ENDING DISTANCE »
C TO CALCULATE, NIGHT OR DAY VALUES, FREQUENCY QOF INTEREST, AND ANGLE *
C OF INTEREST. .

COeOBCIITIITOIVDEUNIIIENIIIENPURISEITISNSENBRISEPESRENEIIENEIOESOSSERERSBTUETS

WRITE(S,200)
READ(S,204)RHO
wRITE(S,201)
READ(S,204)INC
wRITE(5,202)
READ(5,204)MAXDIS
ke @45 203
READ(5,204 FREQ
WRITE(S, 209)
READ(S,206)T0D
WRITE(S5,213)
READ(S.204)PHI

SSELECT PROPER IONOSPHERIC REFLECTION HEIGHT AND
C/V VALUES BASED ON USER'S INPUT DATA.®*

a0

IF(FREQ.EQ.30) THEN
IF(TOD.EQ. D') THEN
RFLHT=46.1
CVEE=1.34
END IF
IF(TOD.EQ. "N ) THEN
RFLHT=72.0
CvEE=1 12
END IF
END IF
[FIFREQ.EQ.5J) TrEN
IF(TOD.EQ. O ) THLN
RFLHT=47 .8
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CVEE=1.30
ENO [F
IF(TOD.EQ. ‘N’) THEN
RFLHT=73.3
CVEE=1.11
END IF
END IF
IF(FREQ.EQ.75) THEN
IF(TOD.€Q. 0’ ) THEN
RFLHT=49.1
CVEE=1.27
END IF
IF(TOD.EQ. "N’) THEN
RELNT=74.3
CVEE=1.10
ENO IF
END IF
IF(FREQ.EQ. 100) THEN
IF(TOD.EQ. 'D’) THEN
RFLHT=50.1
CVEE=1.25
END IF
IF(TOD.EQ. 'N') THEN
RFLHT=75.0
CVEE=1.09
END IF
END IF
IF(FREQ.EQ. 150) THEN
IF(TOD.EQ. 'D’') THEN
RFLHT=51.4
CVvEE=1,22
END IF
IF(TOD.EQ. 'N") THEN
RFLHT=76.0
CVEE=1.09
END IF
END IF
IF(FREQ.EQ. 2001 TrEN
[FiTOD.EG. O ) THEN
TERET . i - e ~
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CVEE=1.20
END [F
IF(TOD.EQ. N}
RFLNT=76.8
CVEE=1.08
END IF
END IF
[F(FREQ.EQ.300) TREN
IF(TOD.EQ. D) THEN
RFLMT=53.7
CVvEE=1.18
END IF
IF(TOD.EQ. 'N")
RFLMT=77 .8
CVEE=1.07
END IF
EnD IF

THEN

THEN

R SWRITE HEALERS FUR JUTRUT TABLES®

wRITE(10,207)FREQ
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400

200
201
202
203
<04
lZs
2Jo
207
208
209
210
211
212
213

IF(TOD.EQ. D’) WRITE(10,211)PHI
IF(TOD.EQ. 'N’) WRITE(10,212)PHI
WRITE(10,208)

WRITE(10,209)

WRITE(10,208)

PHI=PHI*P1/180.00

*PERFORM THE ACTUAL CALCULATION®

X=26P]*FREQ*RHO*CVEE/K
T=RHO®PI/ (2*RFLHT®CVEE®s2)
u=T

vaT

CALL COTH(U)

CALL CSCH(V)

GT=2e¢T/PIsU
GT=GT+(1-2/P1)sTes20ysse?
VT=Tes3syse sy

HY=vT+GT

Us(1/TAN(PHI))

V=RFLHT/RMO

CALL TANMH(V)
RAZ=1%120°*Pl*x*y
RAZ=RAZ/(CVEE*HT*V)
RAZA=CABS(RAZ)
RAZPH=ATAN2(AIMAG(RAZ) ,REAL(RAZ))
RAZPH=RAZPH*180.00/P1
WRITE(10,210)RHO,RAZA ,RAZPH
RHO=RHO+ INC
IF(RHO.LE . MAXDIS) GO TO 400

*FORMAT STATEMENTS®

FORMAT(4X, ENTER STARTING OISTANCE

FROM SOURCE: ‘)

FORMAT (44X, "ENTER DISTANCE INCREMENT:')
FORMAT (44X, 'ENTER MAXIMUM DISTANCE TO COMPUTE: ')

FORMAT (4X, "ENTER FREQUENCY: ‘)
FORMAT(F12.4)

FORMAT (44X, 'NIGHT (N) QR DAY (D)?:-
FORMAT (A2)

FORMAT (10X, 'HED SOURCE EZ/HRHO
FORMAT(S5X, * )

)
FREQ = ' ,F7.2)

FORMAT (11X, ‘DISTANCE’ ,8X, ‘MAGNITUDE ', 10X, ‘PHASE )

FORMAT (10X ,F7.2,9%X,F9.2,10X,F7.2)

FORMAT (12X, 'TOO = OAYTIME PHI =
FORMAT(12X, "TOD = NIGHT PHI =
FORMAT(4X, ' ENTER PMI IN DEGREES: ‘)

STOP
END

*,F5.2)
", F5.2)
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COO99B0CIESSONNSUNPSIIESDREIEOIEISINOCeOSBIONINEINSEOINSIOIICOESISOOISIIISGTS

DATE CREATED: 21FEBBS .
c LAST UPDATE: 07MARBS .
o BY: A. KUZEL .
o PURPUSE : THIS PROGRAM CALCULATES THE VALUE OF THE E/H .
C FIELD OF AN ELF WAVEFORM OF ONE OF A SET OF .
[« FREQUENCIES AT VARIOUS DISTANCES >= 200 KM .
c FROM AN HED SQURCE. THIS IS THE FAR FIELD 4
C APPROXIMATION, .
(s sIEINSIUSS0EIPIIIITITISOINIIINIEII IRttt essrtssnissessssssscsss

*DECLARE VARIABLES®

COMPLEX I,Y,HO ,H1 HR
REAL JO,J1,Y0(1),Y1(1) ,MMBSJO ,MMBSU1 ,MAXDIS
REAL RHO,INC,PI ,CVEE,FREQ,FUDGE ,X,YA PH

CHARACTER TOO
C ®*INITIALIZE CONSTANTSs

PI=4*ATAN(1.0)
I=CMPLX(0.0,1.0)

Coss588 8802000000000 080000 ERRO0IRNPISEISEEES0EssSTtNtREINEtsEsEEEIREssEsBOOIGITE

c THE FOLLOWING SECTION IS THE INTERACTIVE PORTION QF THE PROGRAM L
C THE USER CHOOQOSES STARTING DISTANCE, INCREMENT, AND ENDING DISTANCE .
C TO CALCULATE, NIGHT OR DAY VALUES, AND THE FREQUENCY OF INTEREST. .

CoSO080880082000008380000808030030388000080008800600000000000000080888080380

WRITE(S,540)
READ(5,545)RHO
WRITE(S5.547)
READ(5,560) INC
FUDGE=3.0E+0S
WRITE(S,548)
READ(S5.545)MAXDIS
WRITE(S,550)
READ(5,560)FREQ
WRITE(S, 2085,
READ(5,206)7T20D

¢SELECT PROPER IONQSPHERIC REFLECTION HEIGHT AND
C/v CONSTANTS BASED ON USERS INPUT DATAS

[aXal

[F(FREQ.EQ.30) THEN
IF(TOD.EQ. D) THEN
RFLHT=46.1
CVEE=1.34
END IF
IF(TOD.EQ. 'N') THEN
RFLMT=72.0
CVvEE=1.12
END IF
END IF
IF(FREQ.EQ.50) THEN
IF(TOD.EQ. D ) THEN
RFLMT=47 8
Cv/EE=1.30
END IF
IF(TOD.EQ. 'N') THEN
RFLHMT=73.3
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CVEE=1.11
END IF
END IF
IF(FREQ.EQ.75) THEN
IF(TOD.EQ.'D’) THEN
RFLHT=49.1
CVEE=1.27
END IF
IF(TOD.EQ.'N") THEN
RFLHT=74.3
CVEE=1.10
END 1IF
END IF
IF(FREQ.EQ.100) THMEN
IF(TOD.EQ. D) THEN

RFLMHT=S0.1
CVEE=1.25

END IF

IF(TOD.EQ. ‘N’) THEN
RFLHT=75.0
CVEE=1.09

END IF

END IF

IF(FREQ.EQ.150) THEN
IF(TOD.EQ.'D’) THEN
RFLHT=51.4
CVEE=1,22
END IF
IF(TOD.EQ.'N’) THEN
RFLHMT=76.0
CVEE=1.09
END IF
END IF
IF(FREQ.EQ.200) THEN
IF(TOD.EQ.’'D’) THEN

RFLMT=52.4
CVEE=1.20
END IF

IF(TOD.EQ. 'N"} THEN
RFLHT=76.8
CVEE=1.08

ENO IF

END 1IF
IF(FREQ.EQ.300) THEN
IF(TOD.EQ.' D' ) THEN

RFLAT=53.7
CVEE=1.18

END 1IF

IF(TOD.EQ. N’) THEN
RFLHT=77.8
CVEE=1.07

END IF

END IF

IF(FREQ.EQ.400) CVEE=1.15
1F(FREQ.EQ.B00) CVEE=1.11
IF(FREQ EQ.1600) CVEE=1.07

*WRITE HEAQERS FOR QUTPUT TABLE®

"
NS

[ A Sl A

'-."...\' _‘... Tt

d
i

L .
P

.
.

2Ae
- u‘-’o.. .

WRITE(10.570)FREQ
IF(TOD.EQ. 0’) WRITE(10,211)




g gy

O RA
..‘- *

ol
[

[ TR P S

)

L L e R

I A IS

o
s 3"a

e
¢

el

NS

L gy

L2

" TR el N I

it

£

PR DN

! b

PR I O

A

.!
-
R,
‘l

100

208
206
211
212
220
540
545
547
548
5590
560
570
575
580
600

IF(TOD.EQ. 'N’) WRITE(10,212)
WRITE(10,575)
WRITE(10,580)
WRITE(10,575)

SPERFORM THE ACTUAL CALCULATION®

X=2%PI*FREQ*RHO*CVEE
X=X/FUDGE

JO=MMBSJ0(X, IER)
J1=MMBSJ1(X, IER)

CALL MMBSYN(X,0.0,1,Y0,1ER)
CALL MMBSYN(X,0.999,1,Y1,1ER)
HO=CMPLX(J0,-Y0(1))
H1=CMPLX(J1,-Y1(1))
HR=HO/H}

vzl 0-X*HR

v=X/Y

vy=vepPI*1208CVEE

y=~-1sy

vYA=CABS(vY)
PH=ATAN2(AIMAG(Y) ,REAL(Y))
PH=PH®*180.00/P1
WRITE(10,600)RHO, YA, PH
RHO=RMO* INC
IF(RHO.LE . MAXDIS) GO TO 100

®FORMAT STATEMENTS®

FORMAT (44X, ‘NIGHT (N) OR DAY (D)?7:°)
FORMAT(A2)

FORMAT (9X, ‘TOD DAVTIME ‘)

FORMAT (9%, ' TOD NIGHT ')

FORMAT(9X, ‘E/H FAR FIELD APPROXIMATION')
FORMAT(SX, ENTER ORIGINAL DISTANCE FROM
FORMAT(FQ . 2)

SOURCE: ")

FORMAT(S5X, "ENTER INCREMENT FOR THIS DISTANCE: )
FORMAT(Sx, "ENTER MAX DISTANCE TO COMPUTE: ")

FORMAT (2X, "ENTER FREQUENCY: ")
FORMAT(F7.2)

FORMAT (9X, "HORIZONTAL ELECTRIC DIPOLE
FORMAT (1X, * °)

FORMAT (12X, ‘OISTANCE’ , 14X, ‘MAGNITUDE"' , 15X, 'PHASE ")

FORMAT(10X,E12.5,10X,E12.5,10X,E12.5)
END

FREQ = ",F7.2)

TR 7521
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TR 7521

c.‘..““.‘....“.......“..'.....‘....‘..“‘..“.“..‘.‘.‘.‘.‘.‘

c CREATED: 21FEB8S .
c LAST UPDATE: Q7MARES .
c 8y: A. KUZEL .
c PURPOSE: THIS PROGRAM CALCULATES THE VALUE OF E/M ®
c OF AN ELF WAVEFORM OF ONE OF A SET OF .
c FREQUENCIES AT VARIOUS DISTANCES, .
C >= 200 KM, FROM THE VED SQURCE. THIS IS .
c THE FAR FIELD APPROXIMATION. .
C‘..."“...".“..‘.....‘....'.‘..‘l....‘...“....“...'.‘.....‘
c SDECLARE VARIABLES®
COMPLEX I.Y.HO,H1 MR :
REAL J0,J1,Y0(1),v1(1) ,MMBSJO,MMBSJ1 MAXDIS
REAL RHO, INC,PI,CVEE,FREQ.FUDGE,X,YA,PH
CHARACTER  TOD
c SINITIALIZE CONSTANTSs

PI=4%ATAN(1.0)
I=CMPLX(0.0,1.0)

0868800080000 eEtttsrtstsssisersassssssesssssissstssisissstassssssnsssesvsen
C THE FOLLOWING SECTION IS THE INTERACTIVE SECTION OF THE PROGRAM .
C OF THE PROGRAM. THE USER CHOOSES STARTING DISTANCE, INCREMENT, AND .
C ENDING OISTANCE TO CALCULATE, NIGHT OR DAY VALUES, AND THE FREQUENCY _*

C OF INTEREST. .
(900003630000 000800838880 80000000500 8080808088 8300008008080 00008000bRERNEERISSY

WRITE(S.540)
READ(S,545)RHO
WRITE(S.547)
READ(S,560) INC
FUDGE=3.0E+0S
WRITE(S5,548)
READ(S5,545)MAXDIS
wRITE(5,550)
READ(S,960)FREQ
WRITE(S,209)
READ(5,206)T0D

C *SELECT PROPER IONOSPHERIC REFLECTION HEIGHT AND
C/Vv VALUES BASED ON USER'S INPUT DATAs

IF(FREQ.EQ.30) THEN
IF(TOD.EQ. 'D’) THEN
RFLMT=46.1
CVEE=1.34
END IF
IF(TOD.EQ. 'N') THEN
RFLNT=72.0

i)
S

N CvEE=1.12

- END IF

- END IF

. IFIFREQ.EQ.50) THEN .
b [F{TC0 EQ. D 7 TrmEN
] RF_~T=47.3

- CvEE=1.30

. END [F

. IF(TOD.EQ. "N ) THEN
.

g
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RFLHT=73.3
CVEE=1.11
END IF
END IF
IF(FREQ.EQ.75) THEN
IF(TOD.EQ.'D’) THEN
RFLHT=49.1
CVEE=1.27
ENO IF
IF(TOD.EQ. 'N‘) THEN
RFLHT=74.3
CVEE=1.10
END [F
END IF
IF(FREQ.EQ.100) THEN
IF(TOD.EQ.'D’) THEN
RFLMT=50.1
CVEE=1.25
END IF
IF(TOD.EQ. 'N') THEN
RFLMT=75.0
CVEE=1.09
END IF
END IF
IF(FREQ.EQ.150) THEN
IF(TOD.EQ. 'D’) THEN
RFLHT=51.4
CVEE=1.22
END IF
IF(TOD.EQ. 'N‘) THEN
RFLMT=76.0
CVEE=1.09
END IF
END IF
IF(FREQ.EQ.200) THEN
IF(TOD.EQ. 'D') THEN
RFLHT=52.4
CVEE=1.20
END IF
IF(TCD.EQ. N} THEN
RFLHT=76.8
CVEE=1.08
ENO IF
END IF
[F(FREQ.EQ.300) THEN
IF(TOD.EQ. 'D’) THEN

RFLHT=53,7
CVEE=1.18

END IF

IF(TOD.EQ. 'N') THEN
RFLHT=77.8
CVvEE=1.07

END IF

END IF

IF(FREQ.EQ.400) CVEE=1.1S
[F(FREQ.EQ.B00) CVEE=1. 11
IF(FREQ.EQ.1600) CvEE=1.07
*WRITE HEADERS FOR OUTPUT TABLE®

WRITE(1Q,220)

TR 7521




TR 7521

WRITE(10,575)
WRITE(10,570)FREQ
IF(TOD.EQ. DO') WRITE(10,211)
IF(TOD.EQ. 'N’) WRITE(10,212)
WRITE(10,575)

WRITE(10,580)

WRITE(10,575)

C ®PERFORM THE CALCULATIONS®
100 X=29PISFREQ*RHO®CVEE
X=X/FUDGE

JOSMMBSJO(X,IER)
J1=MMBSJL1(X,IER)

CALL MMBSYN(X,0.0,1,Y0,1ER)
CALL MMBSYN(X,0.999,1,Y1,1ER)
HO=CMPLX (JO,-Y0(1))
H1=CMPLX(J1,-Y1(1))
HR=HO/H1

Y=HR

Y=YSPI®120¢"VEE

y=-18y

YA=CABS(Y)
PH=ATAN2(AIMAG(Y) ,REAL(Y))
PH=PH®* 180.00/P1
WRITE(10,600)RHO, YA, PH
RHO=RMHO+INC
IF(RHO.LE.MAXDIS) GO TO 100

o SFORMAT STATEMENTS®
205 FORMAT (4X, "NIGHT (N) OR DAY (D)?:')
206 FORMAT(A2)
211 FORMAT(9X, ' TOD = DAYTIME')
212 FORMAT(9X, 'TOD = NIGHT')
220 FORMAT(9X, E/H FAR FIELD APPROXIMATION')
540 FORMAT(SX, ' ENTER DISTANCE FROM SOURCE: ")
545 FORMAT(F9.2)
547 FORMAT(SX, "ENTER INCREMENT FOR J!STANCE: )
5483 FORMAT(SX, 'ENTER MAXIMUM DISTANCE TO BE CCMPUTED: )
550 FORMAT (2Xx, "ENTER FREQUENCY: ') !
560 FORMAT(F7.2) 1
S$70 FORMAT(9X, 'VERTICAL ELECTRIC DIPOLE FREQ = °,F7.2) i
575 FORMAT (1X, ° ")
580 FORMAT (12X, ‘DISTANCE , 14X, "“MAGNITUDE ', 14X, ' PHASE ')
600 FORMAT(10X,.E12.5,10X,E12.5,10X,€12.5)
END
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TR 7521

COSU TSI 0090TCTLPIESPIPCESOPSBS0INSIIEIITISOVITINESTEPOENDIOINSITETEDNSES

C CREATED: 27FEBAS 4
C LAST UPDATE: 27FEBBS .
C ay: A. KUZEL .
C PURPQSE: FORTRAN SUBROUTINE TO CALCULATE THE .
C HYPERBOLIC COTANGENT OF THE PASSED PARAMETER., ¢
CPes et sssIs It REIRIIENIESIEIEIIEINOSISIEIENIOINIEINEINTNETISTOISEEBINOEESOETNTS

SUBROUTINE COTH(22Z)

REAL ZZ . XX
XX=EXP(2Z)+EXP(-Z2Z)
XX=XX/ (EXP(ZZ)~EXP(-22))
ZZaXX

RETURN

END

C................““.‘.‘.‘.“‘.."...“.‘.....‘.....‘........‘.."‘..

C CREATED: 27FEBBS s
[o LAST UPDATE: 27FEBSS g
C 8v: A. KUZEL i
c PURPOSE: FORTRAN SUBROUTINE TO CALCULATE THE .
C HYPERBOLIC COSECANT OF THE PASSED PARAMETER. *
CP8980000000080800048500000800000000308800888088¢00000038000800008888808008

SUBROUTINE CSCH(ZZ)

REAL ZZ XX

XX=2
XX=XX/(EXP(22Z)-EXP(-22))
ZZ=XX

RETURN

END

C...‘.......“.‘...‘.....‘....‘..‘.."....“.......'.‘......‘...'...‘.

C CREATED: 27FEBBS hd
C LAST UPDATE: 27FEBBS .
: C BY: A. KUZEL .
C PURPOSE : FORTRAN SUBROUTINE TO CALCULATE THE .
C HYPERBOLIC TANGENT OF THE PASSED PARAMETER. ¢
(900 00000000000000080¢00008S008000000800CE000E00RIRIITINERISRIOITIOERITTY

SUBROUTINE TANMH(Z2Z)

REAL 22, xx
XXZEXP(ZZ)-EXP(-22)
XX=XX/(EXP{ZZ)+EXP(-22))
22=XX

RETURN

END

A-17A-18
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